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Abstract

This study reports the synthesis of doped polyaniline in its emeraldine salt form (PANI-ES) with carboxylic acid and acylchloride groups
contained multi-walled carbon nanotubes (designated as c-MWNTs and a-MWNTSs) by in situ polymerization. Both Raman spectra and HRTEM
images indicate that carboxylic acid and acylchloride groups formed at both ends and on the sidewalls of the MWNTs. Based on the t—7t* electron
interaction between aniline monomers and functionalized MWNT and hydrogen bonding interaction between the amino groups of aniline
monomers and the carboxylic acid/acylchloride groups of functionalized MWNT, aniline molecules were adsorbed and polymerized on the
surface of MWNTSs. Structural analysis by FESEM and HRTEM showed that PANI-ES/c-MWNT and PANI-ES/a-MWNT composites are core (c-
MWNT or a-MWNT)- shell (doped-PANI-ES) tubular structures with diameters of several tens to hundreds of nanometers, depending on the
PANI content. The conductivities of 0.5 wt% functionalized MWNT containing PANI-ES/c-MWNT and PANI-ES/a-MWNT composites are 60—

70% higher than that of PANI without MWNT.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Carbon nanotubes; Polyaniline; Chemical treatment

1. Introduction

Carbon nanotubes (CNTs), discovered by lijima et al. [1],
have received much interest for their use in fabricating a new
classes of advanced materials due to their unique structural,
mechanical and electronic properties. They have potential for
use in field emitters [2], probe tips for SPMs [3], nanoelec-
tronic devices [4,5] and nanotube-based composites [6,7]. As
expected for theoretical reasons, experimentally introducing
CNTs into a polymer matrix improves the mechanical
properties and electrical conductivity of the original polymer
matrix [8-11]. Recent studies have shown that, besides
possibly improving the mechanical and electrical properties
of polymers, the formation of polymer/CNT composites is
considered as a capable approach for an incorporation of
CNTs into polymer-based devices [12-15]. Among these
polymer/CNT composites, many reports have focused on the
combination of CNT and conducting polymers including
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poly(3,4-ethylenedioxythiophene) (PEDOT)/CNT for forming
a hole-conducting layer in organic light-emitting diodes [12]
and poly(3-octylthiophene)/CNT [13] or poly(p-phenylene
venylene) (PPV)/CNT [14] for use in highly efficient
photovoltaic cells.

Among various conducting polymers, polyaniline (PANI)
has a potential use in synthesizing polymer/CNT composites
due to its good processability, environmental stability and
reversible control of conductivity both by charge-transfer
doping and protonation [16,17]. Significant progress has been
made in fabricating PANI/CNT composite, with examples
including PANI/multi-walled carbon nanotube (MWNT)
composites that demonstrate site-selective interaction between
the quinoid ring of the polymer and MWNT [18], the doped
PANI/MWNT composite with or without protonic acid
synthesized by in situ polymerization [19-22], coaxial
nanowire of a PANI/MWNT composite prepared by electro-
chemical reaction [23] and the fabrication of PANI/single-
walled carbon nanotube composites [24,25]. Although recent
studies show a unique compatibility between PANI and CNT,
the nature of PANI/CNT remains unclear.

This work describes the synthesis and characterization of
protonic acid doped PANI with MWNTs fabricated by in situ
polymerization. In order to improve the MWNT-PANI
interface, chemical functionalization of the MWNT is used to


http://www.elsevier.com/locate/polymer
mailto:tmwu@dragon.nchu.edu.tw

T.-M. Wu, Y.-W. Lin / Polymer 47 (2006) 35763582 3577
- Be
;‘*.':".:&‘ ou - OH c o a
Crelin Ong/ O/ On¢/ O/
rig P 3 3
ViR A e
Lk la HO 0 1b ic 0
;..-, .D&. _—> C\ —> c\
.o e OH Cl
g Y g
¥ s
:“'.-:."-':Z‘ 0=} 0=} 0= 0=}
iy e . OH  OH a cl
“et
MWNT c-MWNT a-MWNT

la : use 3 : 1 mixture of concentrated H,SO, : HNO; at 50°C » sonication for 24 h.

1b : use SOCI, at 80°C : reflux for 24 h.

Fig. 1. Chemical routes for the preparation of functionalized MWNTs.

increase the interfacing binding between the MWNT and
PANI. Functionalized nanotubes are also easier to disperse in
organic solvent and water [26,27], which can improve the
dispersion and homogeneity of the MWNTs within the polymer
matrix. Therefore, the as-prepared MWNTs were first treated
with a 3:1 mixture of concentrated H,SO,:HNO; [27], which
produced carboxylic acid groups at the defect sites (designated
as ¢c-MWNT) and thus improved the solubility of the
¢-MWNTs in HCI solution. Then the carboxylic acid groups
can be converted into acylchloride groups (designated as
a-MWNTs) by the following treatment with SOCI, [28,29].
Corresponding chemical reactions are illustrated in Fig. 1. The
interaction between aniline monomers and functionalized
MWNTs is such that nanocomposites of doped-PANI with
¢c-MWNTs or a-MWNTs can be synthesized by in situ
chemical oxidation polymerization. To the best of our
knowledge this is the first report of preparation of PANI/a-
MWNT composites. The structure, morphology and conduc-
tivity of PANI/c-MWNT and PANI/a-MWNT composites
were characterized: in particular, the tubular morphology was
observed and the possible mechanism of the formation of this
nanostructure was also discussed.

2. Experimental

2.1. Synthesis of PANI/c-MWNT and PANI/a-MWNT
composites

The MWNTs used in this work were synthesized by
ethylene CVD using Al,O3 supported Fe,Os; catalysts as
described in a previous study [30]. The as-prepared MWNTs
were ultrasonically treated with a 3:1 mixture of concentrated
H,S0,4 and HNOj at 50 °C for 24 h, which produced carboxylic
acid groups at the defect sites and thus improved the solubility
of the c-MWNTs in HCI solution. The c-MWNTs were then
stirring with a mixture of SOCl, and N,N-ddimethyl formamide
(DMF) at 80 °C for 24 h, which can be further converted the
carboxylic acid at the defect sites into acylchloride group
(a-MWNT). The a-MWNT was then filtered, rinsed several

times with anhydrous THF, and died under a vacuum at 60 °C
for 24 h.

The composite of protonic acid doped polyaniline (PANI)
with c-MWNT or a-MWNT was synthesized by in situ
chemical oxidation polymerization. In a typical synthesis
experiment of PANI/c-MWNT composites, various weight
ratio of c-MWNTs were dissolved in 1.0 M HCI solutions and
ultrasonicated over 3 h, then transferred into a 500 ml four-
neck flask with an ice-bath. Aniline monomer also dissolved in
1.0M HCI solution was added to the above c-MWNTs
suspension. For PANI/a-MWNT composites, various weight
ratio of a-MWNTs were first mixed with aniline monomer and
ultrasonicated over 3 h, then transferred into a 500 ml four-
neck flask with an ice-bath. A 200 ml 1.0 M HCI solution
containing 0.125 M Ammonium persulfate (APS) was slowly
added dropwise into the suspension of both systems with
constant mechanical stirring at a reaction temperature of 0-
5 °C for 1 h. The reaction mixture was stirred for an additional
2h at 0-5°C, and then the resulting green suspension,
indicating the formation of insoluble polyaniline in its
emeraldine salt form (designated as PANI-ES), was then
filtered and rinsed several times with distilled water and
methanol. The powder obtained was dried under a vacuum at
60 °C for 24 h.

2.2. Structural analysis

The ATR-FTIR spectroscopy, UV-vis spectroscopy and
Raman spectroscopy were used to characterize the structure
of PANI-ES/c-MWNT and PANI-ES/a-MWNT composite.
UV-vis spectra were performed on a Hitachi U-3010 with
scanning speed at 200 nm/min and bandwidth 0.1 nm. The
peak position of UV—-vis spectra is determined using Peakfit
software package. ATR-FTIR was recorded on a Pike
Technologies ATR 6142, equipped with a ZnSe crystal.
Samples in KBr were analyzed at room temperature without
any dilution. Raman spectra were recorded under a Renishaw
system 1000 using an Argon ion laser operating at 514.5 nm
with a CCD detector. The final spectrum presented is an
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average of three spectra recorded at different regions over the
entire range of the sample. Thermal stabilities of these samples
were operated using Perkin—Elmer thermogravimetric analysis
(TGA). Linear 6/26 X-ray intensity scans of these specimens
were recorded using a Mac MXT III diffractometer in the
reflection mode, with Ni-filtered Cu Ko radiation.

2.3. Morphological analysis

The field-emission scanning electron microscopy (FESEM)
and high-resolution transmission electron microscopy
(HRTEM) were used to characterize the morphology of
PANI-ES/c-MWNT and PANI-ES/a-MWNT composite. Ultra-
thin section of the PANI-ES/c-MWNT and PANI-ES/a-
MWNT sample with a thickness of approximate 50 nm was
prepared with an ultramicrotome equipped with a diamond
knife. FESEM was conducted at 3 kV using a JEOL JSM-
6700F field-emission instrument and high-resolution trans-
mission electron microscope (HRTEM) with selected area
electronic diffraction images were recorded on a Hitachi HF-
2000 at 200 kV. Due to the high electron density difference
between carbon nanotube and polymer matrix, staining of the
samples was not necessary.

2.4. Electrical properties

The samples of PANI, MWNT, PANI-ES/c-MWNT and
PANI-ES/a-MWNT composites were pressed into pellet under
20 MPa. The conductivity at room temperature was measured
by a programmable DC voltage/current detector (four probe
method). Each data shown here is the mean value of the
measurement from at least three samples.

3. Results and discussion

Fig. 2 shows the Raman spectrum of the MWNTs,
c-MWNTs and a-MWNTS. All spectra have the same pattern,
revealing that treating the surface with a 3:1 mixture of
concentrated H,SO4:HNO; and then followed by the thio-
nylchloride solution does not affect the graphite structure of the
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Fig. 2. Raman spectroscopy of MWNT, c-MWNT and a-MWNT.

MWNTs. Such chemical functionalization of the MWNT can
be used to produce carboxylic acid and acylchloride groups at
local defects in the curved graphene sheets and tube ends. First-
order Raman spectroscopy shows a strong band at 1580 cm '
(G mode) which is the Raman-allowed phonon high-frequency
mode and a disordered-induced peak at 1355 cm ! (D mode),
which may originate from the defects in the curved graphene
sheets and tube ends. Comparing the Ig/Ip ratios of the
samples, which are 1.72 for MWNTs and 1.58 for c-MWNTs,
reveals the chemical functionalization of a mixture of
concentrated H,SO,/HNO; increases the degree of disorder.
The H,SO4,/HNO; treated MWNTs is further modified by
SOCI, to convert the carboxylic acid into acylchloride groups
and the Ig/Ip ratio of a-MWNTs is decreased to 1.50, revealing
the chemical treatment with SOCI, further increases the degree
of disorder. Both results indicate the presence of defects at both
the ends and the sidewalls of the c-MWNTs and a-MWNTs.
Fig. 3 shows the ATR-FTIR spectrum of the MWNTs,
¢c-MWNTs and a-MWNTs. The peak at around 1590 cm ™'
corresponds to the IR active phonon mode of the MWNTs
(Fig. 1, trace a) and the peaks at around 1730, 1170 and
1070 cm ™" apparently correspond to the stretching modes of
the carboxylic acid groups (trace b in Fig. 1) [31]. The above
results indicate the formation of carboxylic acid groups at both
ends and on the sidewalls of the MWNTs. Besides a small peak
at around 1710cm ™' corresponds to the C=0 stretching
vibration of the COCI group (Fig. 1, trace c), the ATR-FTIR
spectrum of the a-MWNTs did not show pronounced changes
as compared to that of the c-MWNT samples. This is
commonly a result of the poor quality of infrared spectra of
MWNTs and the low concentration of organic moieties.

The thermogravimetric analysis was conducted to identify
the thermal stability of MWNT, c-MWNTs and a-MWNTs.
Fig. 4 shows the TGA thermal curves of the MWNTs,
c-MWNTs and a-MWNTs. As seen from figure, the first
weight loss below 100 °C is mainly attributed to loss of water
molecules and lower molecular weight oligomers from the
polymer matrix as suggested by earlier reports [32]. Then
the steepest weight loss due to organic decomposition for the
carboxylic acid and acylchloride groups is observed in a
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Fig. 3. FTIR spectroscopy of MWNT, ¢c-MWNT and a-MWNT.
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Fig. 4. Thermogravimetric curves of MWNT, c-MWNT and a-MWNT.

temperature interval of 100-250 °C, which may be due to the
thermal degradation of the carboxylic acid and acylchloride
groups formed at both ends and on the sidewalls of the
MWNTs [33]. In order to investigate the surface of MWNTs, a
direct observation of the functionalized MWNTs compared to
untreated MWNTSs was obtained by means of transmission
electron microscopy. Fig. 5 presents the TEM image of the
MWNTs, c-MWNTs and a-MWNTSs. The sidewall of MWNT
is very smooth, indicating the grapheme sheet fragments of the
outer shell are relatively ordered. But the sidewalls of
¢-MWNT and a-MWNT are very rough and look like leaves
that have been eaten by worms, these results may be explained
by the electron beam destruction of the defect sites induced by
the chemical functionalization. This result clearly reveals the
multiple crystalline walls with surface defects and the hollow
core of c-MWNT and a-MWNT, indicating the formation of
carboxylic acid and acylchloride groups on the sidewalls. The
corresponding electron diffraction pattern indicates that this
MWNT has a crystalline structure.

The MWNT modified with carboxylic acid and acylchloride
groups can be used as the self-assembly template for the
formation of PANI nanostructures. The interaction between
aniline monomers and functionalized MWNTs causes aniline
molecules to be adsorbed on the surface of c-MWNTs and
a-MWNTs. The protonic acid doped PANI/c-MWNT and
PANI/a-MWNT composites are then synthesized successfully
by in situ chemical oxidation polymerization. Fig. 6(a) presents
the X-ray diffraction data for c-MWNT, PANI and PANI/c-
MWNT composites. For c-MWNTs, the diffraction peaks at

260=25.9 and 43° were observed, corresponding to graphite-
like structure and small amounts of catalytic particles
encapsulated inside the walls of CNTs, respectively [34].
Meanwhile, for PANI specimens, the crystalline peaks
appeared at 20=9.4, 15.3, 20.7, 25.2, 26.5 and 29.8°,
corresponding to (001), (011), (020), (200), (121) and (022)
reflections of polyaniline in its emeraldine salt form
(designated as PANI-ES), respectively [35]. The X-ray data
of PANI-ES/c-MWNT composites presents crystalline peaks
similar to those obtained from the pure PANI matrix, revealing
that no additional crystalline order had been introduced into the
composites. The intensity ratio of the crystalline peaks for
PANI-ES/c-MWNT composites is also close to that for pure
PANI. This result indicates that even though there is a very thin
amorphous layer on the surface of the c-MWNT, which is
probably attributed to the irregular distribution of the COOH
groups on the surface of c-MWNTs, and to the interaction
between the quinoid ring of the polymer and c-MWNT. The
c-MWNT further induces the packing of the PANI polymer
chains along the axis of the cc-MWNT and thus the percentage
crystallinity of the outer layer of the PANI-ES/c-MWNT
composites is almost the same as those of pure PANI
molecules. The mass fraction of c-MWNT in PANI-ES/c-
MWNT composites is sufficiently small that the graphite-like
diffraction peaks can hardly be detected for 0.5 wt% MWNT-
containing PANI-ES/c-MWNT composites. However, traces of
diffraction peaks at 260=25.9° were observed as the ratio of
¢c-MWNT increased to 3 wt%, indicating that part of the
¢-MWNT had not fully interacted with PANI molecules. The
X-ray data of PANI-ES/a-MWNT composites with various
content of a-MWNT shown in Fig. 6(b) shows similar tendency
as those obtained from the PANI-ES/c-MWNT system,
indicating that the further chemical treatment by SOCI, to
form the acylchloride groups on the sidewall does not change
their crystalline order of the composites.

To further confirm the nanostructure of PANI-ES/c-MWNT
and PANI-ES/a-MWNT composites, typical FESEM and
HRTEM images of the 3 wt% MWNT-containing PANI-
ES/c-MWNT and PANI-ES/a-MWNT composites are shown
in Fig. 7. For comparison, FESEM images of MWNT have also
shown in this figure. For PANI-ES/c-MWNT composites, a
tubular layer of a highly uniformly coated PANI film is clearly
present on the c-MWNT surface and the diameters of the
PANI-ES/c-MWNT composites range from several tens to
hundreds of nanometers, depending on the PANI content

Fig. 5. HRTEM image of MWNT, c-MWNT and a-MWNT (inserted electron diffraction of MWNT).



3580 T.-M. Wu, Y.-W. Lin / Polymer 47 (2006) 3576-3582

—
)
=

;4;} (001) (011)
175}
b=
9
S
o
2
-+
«©
o)
0~
5 10 15 20 25 30 35 40 45 50
26 (degrees)
(b)
Z
g (001) (011)
g
5
o)
>
g
8
O]
49

a
[oam, P gt ptmmiseae]

5 10 15 20 25 30 35 40 45 50

20 (degrees)

Fig. 6. (a) X-ray diffraction of (a) c-MWNT, (b) PANI-ES, (c) 0.5 wt%
MWNT-contained PANI-ES/c-MWNT composite, (d) 1 wt% MWNT-con-
tained PANI-ES/c-MWNT composite and (e) 3 wt% MWNT-contained PANI-
ES/c-MWNT composite. (b) X-ray diffraction of (a) a-MWNT, (b) PANI-ES,
(c) 0.5wt% MWNT-contained PANI-ES/a-MWNT composite, (d) 1 wt%
MWNT-contained PANI-ES/a-MWNT composite and (e) 3 wt% MWNT-
contained PANI-ES/a-MWNT composite.

(Fig. 7(a)). The diameter of the PANI-ES/c-MWNT compo-
sites becomes larger than that of the original c-MWNTs after
in situ polymerization. Closer inspection of HRTEM images
(Fig. 7(c)) reveals that the resulting PANI-ES/c-MWNT
composites have the coaxially tubular structures. The figures
clearly show the hollow structure between the two sides of the
multiple crystalline walls and the polyaniline macromolecules
encapsulated at the surface of the c-MWNT (Fig. 7(c)). Similar
morphology shown in Fig. 7(b) and (d) is also observed for
PANI-ES/a-MWNT composites, but the resulting diameter is
slightly larger than those observed for PANI-ES/c-MWNT
composites. Nevertheless, both PANI-ES/c-MWNT and PANI-
ES/a-MWNT composites are the typical core-shell structure,
and the functionalized MWNTs serve as the core and are
dispersed individually into the PANI matrices. The aniline
monomer is uniformly polymerized on the surface of the
MWNT and forms a tubular shell of fabricated composites.
This tubular morphology is first reported for PANI/MWNT
composites. Furthermore, the average thickness of the PANI
layer ranges from several tens to hundreds of nanometers.

PANI-ES/c-MWNT

!
100nm b,

Fig. 7. FESEM and HRTEM images of 3 wt% MWNT-containing PANI-ES/c-
MWNT and PANI-ES/a-MWNT composite (inserted FESEM of MWNT).

Fig. 8 shows the Raman spectra of PANI-ES/c-MWNT and
PANI-ES/a-MWNT composites. For comparison, the figure
also includes the spectrum of functionalized MWNTs, which
contains two strong peaks at 1580 and 1355 cm ™~ '. For PANI-
ES and PANI-ES/c-MWNT composites shown in Fig. 8(a), C—-
H bending of the quinoid ring at 1170 cm ™', C—H bending of
the benzenoid ring at 1260 cm™', C-NT"" stretching at
1338 cm ™', C=N stretching vibration at 1484 cm ™' and C—
C stretching of the benzene ring at 1624 cm ™' were observed,
revealing the presence of the doped PANI-ES structures
[36,37]. Clearly, these Raman spectra are almost the same as
those of PANI-ES and PANI-ES/c-MWNT composites,
revealing that c-MWNT serves as the core in the formation
of a tubular shell of PANI-ES/c-MWNT composites. Similar
tendency is also observed for PANI-ES/a-MWNT system,
which reveals that the further chemical functionalization by
SOCI, to form the acylchloride groups on the sidewall does not
change their core—shell tubular structures of the fabricated
composites. It is necessary to point out the intensities of Raman
peaks at 1170, 1338 and 1484 cm ™' corresponding to C-H
bending of the quinoid ring, C-N*"" and C=N stretching
increase as the content of c-MWNT and a-MWNT increases.
These results indicate more interaction between the quinoid
ring of PANI-ES and functionalized MWNT as the content of
c-MWNT and a-MWNT increases.

UV-vis spectroscopy was used to characterize the inter-
facial interaction between polymer and functionalized MWNT.
Fig. 9(a) and (b) shows that the functionalized MWNT samples
yield no absorption peaks in the range of 400-800 nm. The
characteristic absorption peak of the sample of PANI-ES in
N,N-dimethyl formamide (DMF) at approximately 450 nm is
attributable to polaron—mt transition on the polyemeraldine
chain [38,39], indicating that the resulting PANI-ES is in the
doped state. When the tubular nanostructure of fabricated
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Fig. 8. (a) Raman spectroscopy of (a) c-MWNT, (b) PANI-ES, (c) 0.5 wt%
MWNT-contained PANI-ES/c-MWNT composite, (d) 1 wt% MWNT-con-
tained PANI-ES/c-MWNT composite and (e) 3 wt% MWNT-contained PANI-
ES/c-MWNT composite. (b) Raman spectroscopy of (a) a-MWNT, (b) PANI-
ES, (c) 0.5 wt% MWNT-contained PANI-ES/a-MWNT composite, (d) 1 wt%
MWNT-contained PANI-ES/a-MWNT composite and (e) 3 wt% MWNT-
contained PANI-ES/a-MWNT composite.

composites was formed, the characteristic peak assigned to the
polaron—7t transition on the polyemeraldine chain was slightly
shifted to a smaller wavelength as the functionalized MWNT
content increased, indicating the interaction between the
quinoid ring of PANI-ES and functionalized MWNT [40].
These results are supported by the data observed from the
images of HRTEM.

The formation mechanism of PANI-ES/c-MWNT and
PANI-ES/a-MWNT composites with the tubular nanostructure
is believed to involve strong interaction between aniline
monomer and functionalized MWNT caused by the presence of
the —7* electron interaction between MWNT and the aniline
monomer [34] as well as the hydrogen bond interaction
between the carboxyl and acylchloride groups of functionalized
MWNT and the amino groups of aniline monomers. Such
strong interaction ensures that the aniline monomer is adsorbed
on the surface of c-MWNTSs or a-MWNTSs, which serve as the
core and self-assembly template during the formation of the
tubular nanostructure. Although the surface of MWNT can be
first treated with a mixture of concentrated H,SO,:HNO;3; and
then further modified by the SOCI, to produce carboxylic acid

(@) PANI-ES/c-MWNT

Absorbance

400 500 600 700 800
Wavelength (nm)

b)) N PANI-ES/a-MWNT

Absorbance

400 500 600 700 800
Wavelength (nm)

Fig. 9. (a) UV-vis spectroscopy of (a) PANI-ES, (b) 0.5 wt% MWNT-
contained PANI-ES/c-MWNT composite, (¢) 1 wt% MWNT-contained PANI-
ES/c-MWNT composite and (d) 3 wt% MWNT-contained PANI-ES/c-MWNT
composite and (e) c-MWNT. (b) UV-vis spectroscopy of (a) PANI-ES, (b)
0.5 wt% MWNT-contained PANI-ES/a-MWNT composite, (c) 1 wt% MWNT-
contained PANI-ES/a-MWNT composite and (d) 3 wt% MWNT-contained
PANI-ES/a-MWNT composite and (e) a-MWNT.

and acylchloride groups at defect sites of c-MWNTSs and
a-MWNTs, and to increase the solubility of c-MWNTs and
a-MWNTs in HCI solution, some functionalized MWNT
bundles remain in a random conformation. Therefore, it is
possible that there are some gaps between individual
functionalized MWNT to allow the aniline molecules wriggle
into such gaps and then in situ polymerization due to the strong
n—m* electron/hydrogen bonding interaction between
MWNTs and aniline monomers. The growing PANI polymer
chain would possibly wedge away the MWNT bundles and
then break down the bundles into individual MWNTs. In this
case, functionalized MWNTs are uniformly and individually
dispersed into PANI matrices. The site-selective interaction
between the quinoid ring of the polymer and functionalized
MWNT [20] causes PANI polymer chains to be adsorbed at the
surface of the functionalized MWNT, which thus serves as the
core of the tubular shell of PANI-ES/c-MWNT and PANI-ES/
a-MWNT composites.

The electrical conductivities of PANI-ES, PANI-ES/c-
MWNT and PANI-ES/a-MWNT composites were measured
using the standard Van Der Pauw DC four-probe method [41].
The conductivities for functionalized MWNT and protonic
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acid-doped PANI in its conductive emeraldine salt form at
room temperature were 200+ 3.4 and 29.6 +0.4 S/cm, respect-
ively. As the addition of 0.5 wt% c-MWNT into PANI-ES, the
conductivities at room temperature dramatically increase from
29.61+0.4 to 48 £ 0.4 S/cm. With the continuous increase in the
content of c-MWNT, the conductivities at room temperature
gradually increase from 4840.4 S/cm for 0.5 wt% MWNT-
containing PANI-ES/c-MWNT composites to 51.8 £0.4 and
58.4£0.6 S/cm for 1 and 3 wt% MWNT-containing PANI-ES/
c-MWNT composites, respectively. Such improvement is also
obtained for PANI-ES/a-MWNT composites. The conductivity
at room temperature increases from 29.6 0.4 S/cm for PANI-
ES to 51.34+0.6, 55.240.6 and 70.24+0.8 S/cm for 0.5, 1 and
3 wt% MWNT-containing PANI-ES/a-MWNT composites,
respectively. Comparing the conductivities with the same
MWNT content at room temperature, reveals that the chemical
functionalization of SOCI, increases the conductivities of
composites. Nevertheless, the conductivities of fabricated
composites with very low functionalized MWNT content at
room temperature are more than 60-70% higher than those of
PANI-ES without functionalized MWNT, perhaps because
MWNTs have a large aspect ratio and surface area, and so may
serve as a ‘conducting bridge’ between the PANI-ES
conducting domains, increasing the effective path.

4. Conclusions

Both PANI-ES/c-MWNT and PANI/a-MWNT composites
were prepared by the in situ polymerization. MWNTs that
contained carboxylic acid and acylchloride groups were used
as a core in the formation of tubular shells of PANI-ES/c-
MWNT and PANI-ES/a-MWNT composites. Aniline mol-
ecules were adsorbed onto, and then polymerized on the
surfaces of functionalized MWNTs. The electric conductivities
at room temperature of 0.5 wt% functionalized MWNT
containing PANI-ES/c-MWNT and PANI-ES/a-MWNT com-
posites are about 60-70% higher than that of PANI without
functionalized MWNT. That is because functionalized MWNT
serves as a ‘conducting bridge’ between PANI-ES conducting
domains, increasing the effective path.
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